Abstract: Given their wide applicability, vehicle positioning systems are being actively studied currently. As the conventional global positioning system (GPS) cannot determine the vehicle position inside tunnels and other GPS-shaded areas, we propose to improve vehicle positioning using a fuzzy logic system that can retrieve the position of a moving vehicle in such areas. The proposed system analyzes the chromaticity and frequency components of active LED illumination, which is being commonly installed at locations like inside tunnels. We verify the system performance in a test environment that resembles a tunnel. As the proposed method uses the chromaticity and frequency of LED lights for vehicle positioning, it is suitable for areas where GPS reception is poor or unavailable.
Introduction
Several studies have addressed the development of autonomous vehicles that intend to provide safe and efficient mobility to the driver and passengers [1] - [5] . Autonomous vehicles are systems comprising several new technologies, such as advanced sensors, communication systems, and intelligent controllers, to enable a vehicle to recognize its surroundings, analyze risk, and support safe driving (active control). Research on autonomous vehicle technology aims to improve the driver's awareness and response time, ultimately reducing traffic accidents, alleviating traffic congestion, and promoting the convergence of the automotive industry.
Positioning is an essential technology for the success of autonomous navigation [1] - [5] . In fact, a variety of positioning sensors are being used in the navigation systems of autonomous vehicles, and intensive research is being devoted to minimize measurement errors in every sensor and improve positioning accuracy by exploiting the capabilities of modern sensors.
Regarding the characteristics of commonly used positioning sensors, the global navigation satellite system (GNSS) involves a satellite network to calculate the position of a receiver through triangulation by using the time of satellite signal arrival and the position of other satellites. However, it retrieves a measurement error of approximately 7 m due to various factors [1] - [11] , rendering it inaccurate for autonomous vehicles. The differential GNSS uses a ground master station to handle satellite clock error, ion/ionospheric error, and orbit error, reducing the measurement error to approximately 2 m [1] , [2] . Nevertheless, obtaining accurate measurements remains difficult. Various studies have combined technologies such as inertial navigation systems, vision, radar, and geomagnetic sensors, and Wi-Fi connectivity to further improve positioning accuracy. However, Wi-Fi has a varying positioning accuracy depending on the installation interval and number of surrounding signal sources (i.e., access points). In the combined inertial navigation system-global positioning system (GPS), sensor bias and noise accumulate over time and are reflected in the measurements, thus sharply decreasing the positioning accuracy and reliability [1] - [11] . Although GPS is widely used for vehicle positioning to track an estimated vehicle position through satellite by transmitting navigation signals, it cannot operate when vehicles are within tunnels and other GPS-shaded areas [3] . Therefore, inertial navigation system-GPS cannot retrieve accurate position if signal reception is poor. Thus, studies on sensor fusion face several challenges that remain to be addressed [1] - [15] .
On the other hand, light emitting diodes (LEDs) are being increasingly used to replace existing lighting given their reduced size and long lifetime, and streetlights are adopting this technology [3] . Recent research is addressing indoor positioning using visible light communication via LEDs, whose implementation requires a network of multiple LED transmitters. In this network, each LED transmitter is given a unique ID, and position is estimated by trilateration, in which the distances from a receiver to the three closest transmitters are measured. Various measurement approaches for LED-based visible light communication are available, including proximity [16] , received signal strength [17] , fingerprinting [18] , angle of arrival [19] , time of arrival, time difference of arrival, phase difference of arrival, and image-based positioning [20] . Despite being simple and inexpensive, proximity retrieves low accuracy [21] . In contrast, the received signal strength, fingerprinting, arrival data (i.e., angle of arrival, time of arrival, time and phase difference of arrival), and image-based techniques are well-known for their high accuracy in LED-based indoor positioning. However, the equipment size and hardware complexity hinder their practical application [22] , [23] . Recently, a solar-powered receiver has been used to improve positioning accuracy by relying on a machine learning method [24] , [25] .
In this study, unlike visible light communication, in which each LED transmitter has a unique identifier, we use three illuminator bars containing groups of LEDs emitting different color temperatures (i.e., 3000, 4500, and 6000 K). Hence, the system provides varying chromaticity at each measurement point along the x axis within the positioning space. Furthermore, each LED bar is divided into two groups along the y axis, and the ratio between the two set frequencies differs at each measurement point along this axis by applying different ON/OFF power switching methods. Hence, position coordinates (x, y) of a moving vehicle on the two-dimensional road can be estimated using chromaticity and frequency component ratio obtained from the devised positioning system.
For high accuracy, we implemented a single-input single-output (SISO) fuzzy logic system that retrieves the position corresponding to an input chromaticity to obtain the x-axis coordinate. Likewise, we implemented a SISO fuzzy logic system that retrieves the position from a specific frequency component ratio contained in the R signal output of an RGB sensor to obtain the y-axis coordinate. As the proposed method achieves positioning through LED chromaticity and frequency, it can be deployed in places with poor or no GPS reception. In this study, we conducted an experiment in an environment resembling a tunnel, where GPS signals rarely reach, to verify the feasibility and principles of the proposed positioning approach.
Color-Based Positioning
RGB is an additive color model, in which red (R), green (G), and blue (B) lights are combined to express the broad array of possible colors. The human retina contains photoreceptors called cones and rods that respond to light. The cones function best in bright light and have sensitive photoreceptors to red, green, and blue. These photoreceptors enable humans to perceive brightness and color. On the other hand, the XYZ color system, which represents the color perceived by human eyes as tristimulus values, was introduced in 1931 by the International Commission on Illumination (CIE). The system is a method of expressing a three-dimensional color space by directly measuring human color perception. In this study, we used (1) to obtain the XYZ tristimulus values from an RGB sensor that resembles the function of the cones [26] . 
Although a three-dimensional color space is required to geometrically express the vector components of the XYZ tristimulus values, this cannot be achieved with high accuracy. Therefore, in the XYZ color space, intersection x, y between unit plane X + Y + Z = 1 and color vector (X, Y, Z) can be expressed as a two-dimensional plane [26] :
where chromaticity coordinates x, y of the chromaticity diagram in a plane are accurate [26] . Fig. 1 shows the chromaticity diagram of the CIE 1931 color space in the x-y plane, where the colors seen by the average human eye are depicted. The boundary of the outer curve corresponds to monochromatic light, with wavelengths expressed in nanometers [26] . In addition, the small locus in the chromaticity map is the black body locus, where chromaticity varies with temperature (expressed as absolute temperature in kelvins). A black body turns red when the color temperature is low, and it goes from yellow to blue with tinges of white as temperature increases [1] , [2] , [26] . In this study, we used three LEDs with different color temperatures (i.e., 3000, 4500, and 6000 K) to have different chromaticity values according to location [1] , [2] .
Measurement Environment Setup

Tunnel Environment
We constructed the tunnel environment shown in Fig. 2 to resemble a GPS-shaded area. Color temperatures of 3000, 4500, and 6000 K were used for the LED illuminator bars, which were placed at 73 cm above the floor in the simulator. The distance between adjacent bars was 20 cm along the x axis, and a grid with 5 cm square cells was drawn on the floor of the simulator. The grid vertices correspond to the chromaticity measurement points for an accurate comparison between the estimated and actual positions. In addition, different frequencies were generated in the upper and lower parts of the LED illuminator bars for position estimation along the y axis. Fig. 2 also indicates the irradiation of 1.75 and 4.75 KHz light on the areas enclosed by an ellipse and a rectangle of the LED illuminator bars, respectively. This setup with varying chromaticity and frequency of the LED illuminator bars enables accurate positioning along x and y axes, respectively. Fig. 3 illustrates the signal processing adopted in this study. An RGB sensor (Avago Technologies HDJD-s822) was used for positioning on the simulator floor grid. The RGB sensor detects the light irradiated by the three LED illuminator bars fixed to the ceiling of the simulator and outputs R, G, and B voltage signals (Fig. 4(a) ). The LED illuminator bars irradiate 1.75 and 4.75 kHz light along the longitudinal section, as shown in Fig. 2 , by using a power switching method based on pulse width modulation with a duty ratio of 50%.
Signal Processing
The offset and negative values of the output waveform were removed using a preprocessing circuit. Specifically, a ceramic capacitor of 0.5 nF removed DC offset, and a half-wave rectifier removed the negative waveform values (Figs. 4(b) and (c) ). To mitigate the effects of other external light sources while driving and select only the driving frequency components of the LED illuminator bars, the preprocessed signals were bandpass filtered around 1.75 and 4.75 kHz (Fig. 4(d) ). The Direct Form II infinite impulse response bandpass filter was implemented on the MATLAB FDA Toolbox using Mathworks MATLAB Simulink. The Simulink model of the bandpass filter operates with the MicroAutobox (DS1401) data acquisition board. The acquired output signals are converted to DC using a smoothing circuit comprising a capacitor, and then the chromaticity and frequency component ratio are calculated using the Arduino 2560 board. The x and y-axis coordinates are finally estimated using the corresponding fuzzy systems. Processing in the Arduino board was implemented as a MATLAB Simulink model linked to the board via the MATLAB Embedded Coder Toolbox.
Positioning Approach
Positioning Along x Axis
In the constructed tunnel simulator, three LED illuminator bars emitting different color temperatures along the x axis were fixed to the ceiling. By considering light overlapping, different chromaticity can TABLE 1 Measured Chromaticity Along the x Axis be measured depending on the position of the RGB sensor along the x axis. We devised a SISO fuzzy logic system to estimate the x coordinate of the sensor from the measured chromaticity.
To design the fuzzy logic system, we first collected reference chromaticity data along the x axis. The red circles on the grid in Fig. 2 indicate the locations of reference data measurements. To reliably measure the x-axis position in the simulator, we performed measurements from 0 to 60 cm in intervals of 10 cm along the x axis and obtained the chromaticity at the regions marked as close, middle, and far along the y axis. Table 1 lists the datapoints for measurements, the corresponding chromaticity, and the mean chromaticity along the three y-axis regions.
The fuzzy logic system generally consists of three-step data processing. First, the fuzzification phase converts the measured chromaticity into a fuzzified value with a weight of 0-1 and a name (f in11 -f in17 in Fig. 5 ). This process is conducted using the input membership function. To simplify calculations, we use only the x-axis chromaticity depicted in Fig. 1 as input to the fuzzy system. Fig. 5 shows the input membership function that performs fuzzification of chromaticity. The membership function consists of overlapping triangular functions (f in11 -f in17 in Fig. 5 ). The mean values listed in Table 1 are used as starting points of the triangular functions.
Second, rule evaluation using the list in Table 2 is performed by applying the if-then conditional statements. The rules relate the inputs (f in11 -f in17 in Fig. 5 ) and outputs (f out11 -f out17 in Fig. 6 ) of the corresponding membership functions. Third, defuzzification retrieves, from the rules in Table 2 , the final x-axis position using the weights of all active rules (with nonzero weights generated by input triangular functions f in11 -f in17 ), the active area of triangular functions (f out11 -f out17 in Fig. 6 ) included in the corresponding output (regions of an active triangular function area below the weight value in 0-1 generated during fuzzification), and the center values of the output triangular functions. The output membership functions retrieve from 0 to 60 cm in intervals of 10 cm as center weights of the triangular functions. Fig. 6 shows the output membership function used in this study. The estimated x-axis position is calculated using the center-of-gravity method described by (4) , where x d is the computed x-axis coordinate value, a is the area of an active output triangular function below the weight in 0-1 generated during fuzzification, and c is the center value of the corresponding triangular function in the output membership function. Fuzzy Rules for y-Axis Positioning Fig. 9 . Experimental setup for real-time positioning.
Positioning Along y Axis
As shown in Fig. 2 , the LED illuminator bars fixed to the ceiling of the tunnel simulator are driven by power switching controllers at 1.75 and 4.75 kHz per longitudinal section. The 1.75 kHz frequency component ratios from the sensor output along the y axis were used to calculate this axis position. Specifically, the R signal from the output voltage of the RGB sensor was converted into a DC signal by bandpass filtering, and a smoothing circuit was used disregarding chromaticity. We also designed a SISO fuzzy logic system to estimate the y-axis position of the sensor from the frequency component ratio calculated based on reference data. The reference data correspond to the position of the RGB sensor fixed along the x axis at 30 cm. As we moved the sensor along Table 3 . Fig. 7 shows the input membership function for fuzzification of the frequency component ratios as overlapping triangular functions (f in21 -f in29 in Fig. 7) . The component ratios listed in Table 3 are used as starting points of the triangular functions. Table 4 lists the fuzzy rules used for y-axis positioning corresponding to the output triangular functions (f out21 -f out29 in Fig. 8 ).
For defuzzification, the y-axis position is estimated by reflecting the weights of the input triangular functions selected from the active rules. The output membership functions comprise from 5 to 85 cm in intervals of 10 cm as center weights of the triangular functions. Fig. 8 shows the output membership functions. To estimate the y-axis position, the weight of the input triangular functions of the active rules from those in Table 4 , the center values of the active output triangular functions, and the area of the output triangular functions below the weight in 0-1 are used in (4).
Experimental Results
To verify the performance of the proposed positioning approach, we implemented an experimental environment for estimating the x-and y-axis positions by attaching an RGB sensor to a line tracer robot and placing it within the tunnel environment, as shown in Fig. 9 . During real-time positioning, the line tracer moved along the lines of an eight and a rectangle figure drawn on the floor. Fig. 10 shows the positioning results of the line tracer obtained using the proposed positioning system. There are two main causes for the estimation errors. First, the motion of the line tracer robot with the onboard RGB sensor is not smooth. As the line tracer robot uses two line-detection sensors to follow the path, it can exhibit a zig-zag motion when only one sensor detects the path, and the robot moves based on that information until the other sensor detects the path. Therefore, small deviations from the ideal trajectory in Fig. 10 are attributed to the motion of the robot. Second, some path edges that are close to the limits of the tunnel simulator (Fig. 9) show more estimation error from the ideal path. This may be due to the interference of external light sources such as that by the movement of equipment and wires connected to the RGB sensor. To mitigate external interference, we used LED frequencies of 1.75 and 4.75 kHz and bandpass filtered the corresponding signals to extract only these frequencies from the RGB sensor measurements. However, several variables, such as the influence of the LED light reflected from surroundings, exhibit the same frequency components and are measured during driving and present after filtering, thus undermining the estimation accuracy. Therefore, interference from external light should be further studied to enable the future deployment of the proposed positioning system.
Conclusions
We propose a fuzzy logic system for two-dimensional positioning of vehicles by using the chromaticity and frequency component ratios of LED illumination in a tunnel environment. Color temperatures of 3000, 4500, and 6000 K were used for LED illuminator bars to obtain varying chromaticity according to the x-axis position of the vehicle through an onboard RGB sensor. In addition, the LED illuminator bars were operated using power switching at frequencies of 1.75 and 4.75 kHz. Then, the frequency component ratios varied according to the y-axis position. By using these x-and y-axis positioning methods, we designed a real-time vehicle positioning system and verified its feasibility through experiments. In the experiments, a line tracer robot was used instead of an actual autonomous vehicle to illustrate the method. We verified the potential of the developed system as an LED-based positioning technology. However, positioning errors probably due to the interference of external light sources remain to be addressed. In fact, future studies should focus on minimizing external influences and reduce the positioning error. Moreover, to deploy the proposed positioning system, it is necessary to conduct a study in the real scale of autonomous vehicles, including measurement setup aspects such as the grid and LED illuminator bar intervals as well as the number of frequency components along a path. Because the two-dimensional positioning technique of vehicles by using the chromaticity and frequency component ratios of LED illumination was investigated in this study while maintaining a constant z-directional distance between the vehicle and LED illuminator, research on the z-axis positioning technique will be conducted in the future. Once these problems are overcome, we expect that the proposed vehicle positioning system will support other positioning technologies by leveraging existing LED illumination in GPS-shaded areas such as tunnels.
